The author presents his development of the techniques for the measurement of total and regional cerebral blood flow, based on the principles that describe the exchange of inert diffusible tracers between blood and tissue. From the recognition that the uptake and distribution of such tracers would be independent of metabolism and neural function, but dependent instead on blood flow and purely physical factors such as diffusion and solubility, it was possible to transform equations of Fick, Bohr, and Krogh developed to describe steady states of oxygen distribution, to the dynamic processes involved in the distribution and equilibration of inert gases and other diffusible and nonmetabolized substances. The equations thus developed made possible the quantitative measurement of total and local blood flow in the brains of animals and man, and ultimately, the imaging of functional activity in the human brain through the coupling between activity and perfusion described 100 years ago by Roy and Sherrington.
After the discovery that cells and tissues respire in vitro, brain slices were found to be the seat of active respiration. Studies on the respiration and intermediary metabolism of brain slices and homogenates by Quastel, Elliott, and many others produced a wealth of inform ation on the rates of oxygen and substrate utilization by different regions of the brain and in various species. The preference of brain for glucose as substrate was demonstrated as was the ability of neural tissue to engage in anerobic glycolysis. I was in Boston at the time, working on traumatic shock with Joseph Aub and his associates at the Massachusetts General Hospital. Alfred Pope and I, the two young post-doctoral fellows in the laboratory, had just written a review on the circulatory system in shock and been impressed with the wealth of homeostatic mechanisms that had been evolved to preserve the circulation of the brain.2 The paper by Dumke and Schmidt aroused my interest and I decided to return to the University of Pennsylvania to work with Carl Schmidt on the cerebral circulation. Shortly after I arrived , he invited me to assist in the studies he was about to undertake , of the oxygen consumption in the brain of the monkey. Besides obtaining values for that function in the mammalian brain under light anesthesia, that study also demonstrated a striking While in Boston, I had heard an inspiring lecture by Andre Cournand, describing his early work on the output of the human heart in health and disease, and was impressed with the possibility that clinical studies could be more physiological, relevant, and fundamental, under certain circumstances, that studies in animals. Cournand had used the classical Fick principle, calculating cardiac output (equal to blood flow through the lungs) from the oxygen taken up by the lung and the oxygen content in blood entering and leaving, all of which he could measure independently.
Much earlier, in 1927, the Boston psychiatrist Meyerson had described a simple technique for obtaining cerebral venous blood in man from the superior bulb of the internal jugular, making it possible to measure the arteriovenous difference across the brain for substances utilized or produced in significant amounts by that organ. That approach was then used by some to infer cerebral circulation from the arteriovenous oxygen difference, assuming that cerebral oxygen consumption, which could not be measured, was constant. But the arteriovenous oxygen difference was also used by others to infer meta bolic rate of the brain with the assumption that blood flow was constant. What had limited the validity and acceptance of both these approaches was that the arterio venous oxygen difference, being a function of both blood flow and oxygen consumption, was not a valid measure of either alone. The oxygen consumption of the brain could not be measured independently and certainly could not be assumed to be constant under a wide variety of functional states, since it would be expected to vary with the state of activity or disease that was the object of investigation. If that was the case, there would be a time at which the venous blood draining the brain would be in virtual equilibrium with the brain itself and could be used as a measure of the partial pressure of gas in the brain. At that time, the cerebral venous concentraion would yield the concentration of nitrous oxide in the brain, if corrected for the differential solubilities of the gas in brain and blood. With both the numberator and the denominator measurable, cerebral blood flow in unit weight of brain (F/W) could be determined. The equilibration between blood and brain could be studied in animals and was found to be sufficiently complete at the end of ten minutes . Once cerebral blood flow could be measured, cerebral oxygen consumption could be calculated from that and the arteriovenous oxygen difference across the brain. The first systematic study in man was carried out on 14 healthy young men who volunteered to serve as subjects. The values for blood flow and oxygen consumption were in the same range as those we had previously found in the monkey, when both were reduced to unit weight of brain. I am still impressed, however, with how large a share of the body's economy is used in supporting the brain-(make this and the next dashes longer than a sing le hyphen) about a fifth of the cardiac output and of the oxygen consumption at rest-but now small the utiliza tion of energy by the human brain-a mere 20 watts-in comparison with what man-made giant computers requ ire. We were not surprised to find that in deep anesthesia and in coma, the cerebral oxygen consumption was reduced by 50%.11 The study on sleep, however, produced some surprising results.12 Althought it was not unusual for some of our subjects to fall asleep and have to be awakened during our previous studies, it was not easy to get them to sleep when we wished. I was a subject in a sleep study and although I was quite comfortable, the effort of trying to sleep kept me awake. In the course of numerous unsuccessful trials we did have six subjects sleep for the ten minutes necessary to make a measure ment. The results were unexpected. Except for one subject in which it was increased, the utilization of oxygen by the brain was mildly depressed (about 15%, compared to coma or anesthesia at 50%), in spite of the prevailing belief, which stemmed from Pavlov and Sher rington, that sleep was characterized by a suppression of neuronal activity. It was not until Evarts succeeded in recording from individual cortical neurons of sleeping animals, and the confirmation provided by our later studies of regional circulation that the observations in man showing sleep to be an active process became credible. Louis Sokoloff joined me as a postdoctoral fellow in 1949 and in short order undertook the study of cerebral metabolism in hyperthyroid disease. 14 We were unpre pared for his finding that the brain did not share in the generalized increase in metabolism that occurs in hyperthyroidism. This led him to hypothesize, and eventually to demonstrate, that the important action of thyroxin was on protein rather than carbohydrate metabolism.
The Visualization and Measurement of Regional Blood
Flow throughout the Brain
The need to examine the brain's unexplored com plexities could be partially fulfilled by techniques capable of measuring the blood flow or energy metabolism in functionally demarcated, small regions of the brain and the next objective became the measurement and study of regional blood flow, to which the most promising approach appeared to lie in a more exhaustive study of the theory and physical processes on which the nitrous oxide technique was based, i.e. the exchange of non metabolized, diffusible molecules between capillary and tissue. 15
In It was the introduction of positron emission tomography (PET) which fully exploited the posibilities presented by the distribution of diffusible and nonmetabolized tracers in the brain, offering an advanced and theoretically sound approach to the non-invasive measurement of regional cerebral blood flow and metabolism in man. Background problems are minimal and the resolution is higher than that which has been obtained with earlier methods of external counting. Deoxyglucose, labelled with fluorine-18 made possible the measurement of glucose metabolism23 by PET in a large number of neurological and psychiatric disorders. Water labelled with the positron emitting isotope of oxygen (H2O15) has been the tracer most used for blood flow24,25 although lipid soluble tracers show less diffusion limitation at high flow rates. Tomita and Gotoh26 have examined possible sources of error in the application of PET to the autoradiographic technique, finding them to be relatively negligible under most of the conditions where they have been employed. In fruitful collaboration with Michael Posner, Raichle and his group, using 15O labelled water have applied the equations and techniques for regional cerebral blood flow to human subjects performing a number of cognitive tasks.27,28 It is in the study now possible of the neural pathways and processes involved in human thought that my early hopes regarding the measurement of human cerebral blood flow may eventually be realized. 
